DNA polymerase ζ limits chromosomal damage and promotes cell survival following aflatoxin exposure Routine dietary consumption of foods that contain aflatoxins is the second leading cause of environmental carcinogenesis worldwide. Aflatoxin-driven mutagenesis is initiated through metabolic activation of aflatoxin B 1 (AFB 1 ) to its epoxide form that reacts with N7 guanine in DNA. The resulting AFB 1 -N7-dG adduct undergoes either spontaneous depurination or imidazole-ring opening yielding formamidopyrimidine AFB 1 (AFB 1 -Fapy-dG). Because this latter adduct is known to persist in human tissues and contributes to the high frequency G-to-T mutation signature associated with many hepatocellular carcinomas, we sought to establish the identity of the polymerase(s) involved in processing this lesion. Although our previous biochemical analyses demonstrated the ability of polymerase ζ (pol ζ) to incorporate an A opposite AFB 1 -Fapy-dG and extend from this mismatch, biological evidence supporting a unique role for this polymerase in cellular tolerance following aflatoxin exposure has not been established. Following challenge with AFB 1 , survival of mouse cells deficient in pol ζ (Rev3L cells complemented through expression of the wild-type human REV3L. Furthermore, cell-cycle progression of Rev3L −/− mouse embryo fibroblasts was arrested in late S/G2 following AFB 1 exposure. These Rev3L −/− cells showed an increase in replication-dependent formation of γ-H2AX foci, micronuclei, and chromosomal aberrations (chromatid breaks and radials) relative to Rev3L +/− cells. These data suggest that pol ζ is essential for processing AFB 1 -induced DNA adducts and that, in its absence, cells do not have an efficient backup polymerase or a repair/tolerance mechanism facilitating survival.
aflatoxin | mutagenesis | hepatocellular carcinogenesis | translesion DNA synthesis | environmental toxins A flatoxin B 1 (AFB 1 ) is a fungal toxin generated primarily by Aspergillus flavus and Aspergillus parasiticus that frequently contaminate food supplies consumed by humans and livestock (1) (2) (3) . Most liver cancers, which comprise the second leading cause of cancer-related death worldwide, occur in sub-Saharan Africa, Southeast Asia, and China, where AFB 1 exposure and hepatitis B viral (HBV) infection are major risk factors. Hepatocellular carcinoma (HCC) is the predominant histological subtype, with a substantial percentage of the more than half million new HCC cases each year attributable in part to aflatoxin exposure (4). Thus, understanding the pathogenesis of AFB 1 -associated HCC should provide some insight for the development of preventative screening methods and therapeutic approaches.
The mechanism of AFB 1 -initiated carcinogenesis is related to its potency to induce genomic instability. Human epidemiological studies revealed a mutation hotspot (AGG to AGT, R249S) in the tumor suppressor TP53 gene associated with AFB 1 exposure (5, 6). Experimental results from AFB 1 -treated human hepatocytes corroborated the causal relationship of AFB 1 for the R249S mutation in TP53 (7, 8) . The major point mutation induced by AFB 1 is a G-to-T transversion (7, 9, 10), a result that is consistent with the observed genotoxicity of AFB 1 because the metabolically activated AFB 1 -epoxide conjugates with the N7 atom of guanine in DNA to form cationic 8,9-dihydro-8-(N7-guanyl)-9-hydroxyaflatoxin B 1 (AFB 1 -N7-dG). This is further converted to the ring-opened AFB 1 adduct, trans-8,9-dihydro-8-(2,6-diamino-4-oxo-3,4-dihydropyrimid-5-yl-formamido)-9-hydroxy aflatoxin B 1 (AFB 1 -Fapy-dG), a persistent DNA lesion (11) (12) (13) (14) . Previously, we and others have shown that, in bacterial and primate cells, AFB 1 -Fapy-dG adducts are highly mutagenic, with transversion mutations measured at frequencies of 32% and 97%, respectively (15, 16) .
To explore which DNA polymerase could have been responsible for the error-prone translesion DNA synthesis (TLS) past AFB 1 -induced DNA adducts, in vitro insertion and extension analyses were conducted with a number of DNA polymerases, including both high-fidelity replicative and low-fidelity TLS polymerases (15, 17) . These data revealed that yeast pol ζ was exceptional in its ability to replicate past the AFB 1 -Fapy-dG adduct, but the bypass was highly mutagenic: pol ζ preferentially incorporated an A opposite the lesion and extended the primer strand beyond the mismatch (15) . In contrast, AFB 1 -N7-dG was bypassed by pol ζ in an error-free manner (17) . To facilitate the analysis of a role for pol ζ in cellular tolerance to AFB 1 -induced DNA damage in vivo, an experimental strategy has been designed using isogenic pol ζ proficient, deficient, and complemented mouse embryo fibroblasts (MEFs).
Disruption of the catalytic subunit of pol ζ, Rev3L, causes embryonic lethality in mice (18) , a result that is unique among TLS polymerases. Several studies have also shown a potential role for pol ζ involvement in homologous recombination and the repair of DNA interstrand cross-links (reviewed in ref. 19 ). Rev3L knockout
Significance
Human dietary exposures to foods contaminated with fungi that synthesize aflatoxins present major health concerns and are associated with increased risk of hepatocellular carcinomas. Previous biochemical analyses revealed a prominent role for DNA polymerase ζ in replication bypass and mutagenesis of the long-lived aflatoxin DNA adduct. This investigation reveals an essential role for polymerase ζ in cell survival after aflatoxin exposure and that polymerase ζ limits aflatoxin-induced genomic instability and associated nuclear defects. MEFs were viable only in a TP53-null background (20, 21) , with these cells showing increased chromosomal instability and sensitivity to DNA-damaging agents relative to Rev3L-proficient MEFs (22) . Similarly, conditional deletion of Rev3L in primary MEFs resulted in a growth defect with increased double-strand breaks (DSBs) and chromatid aberrations (22) . These cells subsequently became senescent or apoptotic. Conditional deletion of Rev3L in hematopoietic, but not epithelial, tissues resulted in thymic lymphomas in a Tp53 −/− background, whereas mammary tumors containing the conditional Rev3L deletion developed independently of p53 status (23) . Furthermore, mice that harbor selective deletion of Rev3L from cells expressing keratin 5 showed spontaneous epithelial tumors and were highly sensitive to UVB exposures (24) . Recently, it has been demonstrated that the catalytic function of pol ζ is required for cell and embryonic viability and that deletion of pol η could not rescue the pol ζ deficiency (25, 26) . The current study was designed to test the hypothesis that pol ζ is the primary polymerase promoting cell survival following exposure to AFB 1 and that, in the absence of pol ζ, accumulated damage cannot be tolerated, leading to cell-cycle arrest and genomic instability.
Results
Mammalian Pol ζ Protects Against Aflatoxin-Induced Cytotoxicity. To assess the involvement of pol ζ in the cellular response to AFB 1 , Rev3L −/− MEFs that were previously immortalized by SV40 TAg were assayed for growth inhibition by measuring ATP levels after AFB 1 treatment (Fig. 1A) . Because MEFs do not possess the required metabolic enzymes to activate AFB 1 , aroclor-induced rat liver microsome S9 and cofactor NADPH were used to activate AFB 1 for cell culture studies. Rev3L −/− MEFs (squares) were significantly more sensitive to AFB 1 challenge than Rev3L +/− cells (circles) (Fig. 1A) . The effect was dose-dependent and was specifically related to the absence of Rev3L as evidenced by the lack of sensitivity in hRev3L-complemented (triangles) cells (Fig. 1A) .
To determine whether apoptotic cell death occurred early as a direct result of AFB 1 exposure, cells were exposed to activated AFB 1 for 1.5 h and analyzed after 18 h by flow cytometry using Annexin V and propidium iodide (PI) dual staining. During this exposure time, a complex mixture of DNA lesions was anticipated to be formed, with the initial adduct being AFB 1 -N7-dG, which is subsequently converted to either an apurinic site due to hydrolysis of the glycosyl bond or the ring-opened AFB 1 -Fapy-dG. The apurinic sites are anticipated to be efficiently repaired through short-patch base excision repair, and the AFB 1 -Fapy-dG adducts will be subject to removal by the NER pathway, albeit at a slow rate. Because previous analyses have shown that 24 h after AFB 1 exposure, the AFB 1 -Fapy-dG adduct was present at twice the levels of the initial cationic species (27), we infer that at the 18-h time point, the majority of AFB 1 -induced adducts should be AFB 1 -Fapy-dG. Consistent with data in Fig. 1A , Rev3L +/− (black bars) cells displayed no increased cell death when exposed to 200 nM or 500 nM AFB 1 ( Fig. 1 B and C) . The 18-h exposure of pol ζ-deficient MEFs (gray bars) revealed only modestly elevated increases in cell death, even at the highest doses used ( Fig. 1 B and C) . Thus, the levels of apoptosis after 18 h were less obvious than the decrease in survival observed after 48 h (Fig. 1A) . This delayed cell death may require subsequent replication, accumulation of DNA damage, and alterations in cell-cycle checkpoint control.
Based on both our previous biochemical data that demonstrated the ability of pol ζ to replicate past AFB 1 -induced DNA adducts (15, 17) and the enhanced cytotoxicity in Rev3L-deficient cells described above, we hypothesized that one possible role of pol ζ in tolerance to AFB 1 exposure could be bypass of DNA lesions. In this case, the replication efficiency of single-stranded vectors containing an AFB 1 -Fapy-dG adduct would be decreased in cells in which the level of pol ζ was transiently knocked down. To explore this possibility, we simultaneously transformed human embryonic kidney 293T (HEK293T) cells that were either wild type or knocked down for expression of Rev3L with two different shuttle vectors. The vectors were a single-stranded pMS2 carrying a sitespecific AFB 1 -Fapy-dG adduct and an undamaged pSP189 that served as an internal control. Both vectors can be replicated in HEK293T cells (28, 29) . Following replication in the HEK293T cells, the relative efficiency of replication was determined by The relative efficiencies of replication of single-stranded pMS2 vectors containing a site-specific AFB 1 -Fapy-dG adduct in HEK293T cells that were depleted for Rev3L by siRNA or treated with a control scrambled siRNA. Undamaged pSP189 vector was used as an internal control. Each column represents the mean ± SEM from six independent experiments with P < 0.021 (*) as calculated from a twotailed, unpaired t test. (E ) The extent of depletion of Rev3L gene expression in 293T cells evaluated by RT-qPCR. The GAPDH gene was used as an internal control, and the Rev3L mRNA level in siRev3L-transfected cells is expressed as a relative value normalized to that obtained from scrambled siRNA-treated cells (***P < 0.0001). Data indicate mean ± SD of four replicates.
examining the ratio of the progeny vectors. The extent of TLS past AFB 1 -Fapy-dG in Rev3L-depleted cells was reduced by ∼60% compared with that in mock-treated cells ( Fig. 1 D and E) . The depletion of Rev3L did not alter the mutation frequency or spectra (data not shown). The ability of Rev3L-depleted cells to replicate adduct-containing vectors could be explained by the residual pol ζ activity, although the contribution of an alternative, pol ζ-independent bypass pathway cannot be excluded. Thus, the result of vector-based assays revealed the possible mechanism of AFB 1 -induced cytotoxicity in Rev3L +/− cells, suggesting that pol ζ plays a significant, if not indispensable, cellular role in TLS past the AFB 1 -Fapy-dG adduct.
Pol ζ-Deficient Cells Exhibit an AFB 1 -Induced Cell-Cycle Progression Defect. We hypothesized that the increased AFB 1 -induced cytotoxicity in pol ζ-deficient cells could be the result of a defect in processing of AFB 1 -induced DNA adducts either at the replication fork or during postreplication repair. In the latter model, portions of the genome that could not be completely replicated during S phase would accumulate as transient single-stranded gaps at the S/G2 boundary. Because such a delay in the completion of synthesis would most likely be manifested in delayed cell-cycle progression, we examined cell-cycle profiles in MEFs by flow cytometry following a sublethal AFB 1 dose. Compared with mock treatment of Rev3L −/− MEFs, exposure to activated AFB 1 resulted in a change in cell-cycle distribution 24 h posttreatment ( Fig. 2A) . Increases in the fractions of Rev3L −/− cells in late S and G2/M phases were accompanied by a reduction of cells in the G1 phase. In sharp contrast, no change in the cellcycle profile was detected in Rev3L +/− cells. Furthermore, we determined if AFB 1 triggers S and G2/M arrest in an asynchronous population of Rev3L −/− cells. Cells were pulse-labeled with BrdU for 1 h before AFB 1 treatment and allowed to progress through cell-cycle phases at various time intervals. Analyses of early, mid-, and late S-phase BrdU-labeled Rev3L +/− cells treated with control or activated AFB 1 revealed no G2/M arrest (Fig. 2B) . In contrast, Rev3L
−/− cells treated with activated AFB 1 revealed an increase in the late S-phase population at 8 h and 16 h after treatment compared with mock-treated cells (Fig. 2C, 12.8 vs. 19.3 at 8 h and 8.6 vs. 13.6 at 16 h). We also found that following treatment with activated AFB 1 , more Rev3L −/− G1 . These cells subsequently accumulated at G2/M with 4N content at 16 h and a concomitant reduction in the G1 phase population (Fig. 2C ). This enhanced transition from G1 to S-phase progression was consistently observed in AFB 1 -treated Rev3L −/− and Rev3L +/− cells. The explanation for this Rev3L-independent phenomenon is currently unknown. Overall, the cell-cycle analyses demonstrated that the AFB 1 -induced G2/M arrest in Rev3L −/− cells was replicationdependent as evidenced by the observation that the majority of cells accumulated at 4N were in G1 phase at the time of treatment. However, bulk DNA synthesis was not affected by the given AFB 1 dose in both Rev3L +/− and Rev3L −/− cells.
Pol ζ Prevents Aflatoxin-Induced Genomic Instability. Significant G2/M arrest in response to genotoxic damage is often the result of unrepaired and persistent DNA damage that has escaped S phase and accumulated in G2, thus preventing the progression of cells through the remainder of the cell cycle by triggering the G2/M damage checkpoint. To determine whether AFB 1 treatment of Rev3L −/− MEFs resulted in the formation of DSBs, we initially assayed for evidence of elevated levels of γ-H2AX. The number of γ-H2AX-positive cells in Rev3L +/− MEFs peaked at 24 h and eventually returned to initial levels by 72 h after AFB 1 treatment (Fig. 3 A and B) , as would be expected from normal kinetics of induction and resolution of replication-dependent DSBs. In contrast, Rev3L −/− MEFs had extremely high basal levels of γ-H2AX and were never able to resolve the AFB 1 -induced increase in γ-H2AX foci over the 72-h period assayed (Fig. 3 A and B) .
Consistent with the γ-H2AX data suggesting the accumulation of unrepaired DSBs in the absence of functional pol ζ, Rev3L −/− cells showed a major increase in the frequency of micronuclei starting 48 h after AFB 1 treatment. The kinetics of micronuclei formation suggested that this was a replication-dependent phenomenon ( Fig. 3 C and D) . Additionally, Rev3L
− /− and not Rev3L +/− MEFs showed a time-dependent accumulation of multinucleated cells, suggesting that mitotic catastrophe may be the mechanism of induced cell death (Fig. 3 E and F) . Mitotic catastrophe is usually triggered by the premature entry of severely damaged cells into metaphase from G2 and would explain the delayed cell death that had been observed. If this were the case with Rev3L −/− cells in response to AFB 1 , then metaphase cells should show increased DNA damage in the form of chromosomal radials and chromatid breaks. Rev3L −/− cells have previously been shown to have an increased chromosome instability, in addition to spontaneous chromosomal gaps and breaks (20, 24) . This cellular phenotype was confirmed; Rev3L −/− , and not Rev3L +/− , cells, were positive for both spontaneous chromosomal radials and breaks and those induced by AFB 1 treatment (Fig. 3 G and H) . Altogether, these data suggest that, in the absence of pol ζ, AFB 1 lesions trigger replication-dependent DSBs that remain unrepaired, leading to G2/M arrest. Eventually, if cells escape the G2/M damage checkpoint and enter metaphase, the result is mitotic catastrophe and eventual cell death.
Discussion
The experimental design for the current investigation was based on our previous study that demonstrated that replication bypass of single-stranded DNAs containing a site-specific AFB 1 -FapydG was highly error-prone and that in vitro TLS past this adduct was carried out by pol ζ (but not by any other polymerases examined) with the mutagenic outcome recapitulating that in vivo (15) . These data led to the hypothesis that cells deficient in pol ζ would be more sensitive to AFB 1 exposure. The results presented in Fig. 1 A-C demonstrate a strong dependence on the presence of pol ζ for protection against AFB 1 -induced cytotoxicity.
It is significant that, in the absence of pol ζ, cell death was not an immediate consequence of AFB 1 exposure, but required subsequent events to manifest in cell death. The proposed role for pol ζ as a contributor to TLS past AFB 1 -induced damage was substantiated here by comparing the efficiency of replication of single-stranded AFB 1 -Fapy-dG-containing vectors in cells that were either proficient or knocked down for Rev3L. Even an incomplete knockdown of the catalytic subunit of pol ζ resulted in significant reduction in progeny DNA originating from the adductcontaining vectors. These data suggest that pol ζ is important for TLS past AFB 1 -Fapy-dG and agree with the AFB 1 -mediated cytotoxicity in the Rev3L-deficient MEFs.
Having established a critical role for pol ζ in replication bypass of the AFB 1 -induced DNA damage, our investigations turned to understanding whether pol ζ functioned at stalled replication forks during S phase or whether it was recruited during a S/G2 check point to allow transition into G2. In this regard, AFB 1 exposure did not cause an immediate replication block regardless of the status of pol ζ. It is anticipated that pol ζ is essential for resolution of incomplete replication intermediates (possibly by catalyzing TLS past AFB 1 -induced damage) that are formed in S phase and have to be repaired to restore a normal cell cycle. This speculation is based on observations that, in pol ζ-proficient cells, the increase in γ-H2AX-positive cells was only transient and was restored to initial levels within 48 h posttreatment, whereas pol ζ-deficient cells never recovered. Moreover, in pol ζ-deficient cells, persistent replication blocks in G2 may activate G2/M checkpoint. These findings are analogous to the observation of a defect in gap-filling postreplication repair in Rev3L
MEFs following UVC exposure (30) . Consequently, incompletely replicated DNA may be susceptible to DNA breakage in G2 that could trigger cell death or, alternatively, result in genomic instability.
The current report demonstrates that pol ζ plays a pivotal role in cellular response to AFB 1 exposure and is involved in TLS past the most persistent and highly mutagenic AFB 1 -induced adduct, AFB 1 -Fapy-dG, in human cells. Previous analyses of in vitro replication studies showed that pol ζ replicates past AFB 1 -Fapy-dG in an extremely error-prone manner (15) . Thus, it is anticipated that the accumulation of AFB 1 -Fapy-dG-induced pol ζ-dependent point mutations would lead to enhanced mutagenesis. Consistent with these findings, the TP53 R249S mutation signature along with chronic HBV infection are common features in AFB 1 -associated HCC that can lead to defective DNA damage responses and uncontrolled proliferation. It is conceivable that, under chronic AFB 1 exposure, hepatocytes may accumulate point mutations by the action of pol ζ to promote cell survival. This pol ζ-driven mutagenesis may be higher in individuals that carry the Rev3L 460 T to C variant, which has been shown to result in elevated expression of Rev3L (31). In contrast, cells with reduced levels of pol ζ or having defects in its recruitment to the damaged DNA sites might be prone to genomic instability due to insufficient processing of the AFB 1 -induced DNA lesions. In both scenarios, cells may eventually acquire critical combinations of genetic changes to induce transformation and tumor development.
Materials and Methods
Materials. Reagents used in this investigation are described in SI Materials and Methods. MEFs were reported previously (22) . Preparation and activation of AFB 1 and conditions for cellular exposures are given in SI Materials and Methods. Experimental details of cell-cycle analyses, chromosome damage, and micronuclei formation are given in SI Materials and Methods.
Knockdown of Rev3L Gene Expression and Measuring the Relative TLS Efficiency in Human Cells. Conditions for knockdown of Rev3L in HEK293T cells are given in SI Materials and Methods. Construction of the pMS2 vector containing a site-specific AFB 1 -Fapy-dG adduct was performed as previously described (15) . The assay for measuring the relative TLS efficiency is given in SI Materials and Methods.
Chromosome Damage, Radial Formation, and Micronuclei Formation. Cells were treated with AFB 1 and assayed at metaphase for chromosomal radials and breaks. Harvest, slide making, and imaging were as previously described (32) . Micronuclei were stained with DAPI and counted in 100 interphase cells.
